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We experimentally demonstrate the use of a photonic crystal Fano resonance for carving-out short pulses from long-duration input pulses. This is achieved by exploiting an asymmetric Fano resonance combined with carrier induced nonlinear effects in a photonic crystal membrane structure. The use of a nanocavity concentrates the input field to a very small volume leading to an efficient nonlinear resonance shift that carves a short pulse out of the input pulse. Here, we demonstrate shortening of ∼ 500 ps and ∼ 100 ps long pulses to ∼ 30 ps and ∼ 20 ps pulses respectively. Furthermore, we demonstrate error-free low duty cycle return-to-zero (RZ) signal generation at 2 Gbit/s with energy consumption down to ∼ 1 pJ/bit and power penalty of ∼ 2 dB. The device physics and limitations are analyzed using nonlinear coupled-mode theory. © Fano resonances appear due to the interaction between a localized mode and a continuum of modes, giving rise to characteristic spectral features [1] [2] [3] . Recently, such resonances have found several applications in nanophotonics such as in switching [4] , lasing [5] , non-reciprocal transmission [6] and sensing [7] . Here, we suggest and demonstrate a new class of applications of Fano resonance for processing pulses, i.e. return-to-zero (RZ) signals encountered in on-chip communication systems. Returnto-zero signals have several advantages over non-return-to-zero (NRZ) signals due to improved receiver sensitivity, less intersymbol interference and lower average power [8, 9] . For on-chip and chip-to-chip interconnects, larger receiver sensitivity can enable the system to be operated at lower power budget, leading to reduced thermal effects, thus creating opportunities for higher density of integration [8] . Generating short pulses or low duty cycle RZ signals is interesting for applications requiring sharp raising and falling edges such as for synchronization and clocking [8] . Furthermore, a simple pulse-edge detection scheme is desirable for applications that require precise information about the time of arrival of a signal [8] . Conventional pulse carving employs active radio frequency (RF) clock signal for modulation, where the input signal (usually NRZ) is carved into RZ signal [9, 10] .
In this letter, we show that the use of an asymmetric Fano resonance in combination with strong nonlinear optical effects in a nanocavity allows the carving of a short pulse from a long input pulse without the need for an additional control signal. We demonstrate applications of the device for short-pulse generation and detection of the pulse edge of the input signal. Fig. 1(b) , consists of an H0 nanocavity [11] side-coupled to a line-defect waveguide. The PhC membrane of thickness 340 nm is formed by airholes with radius (r) of 125 nm arranged in a hexagonal pattern with a lattice constant of 447 nm. The H0 nanocavity is formed by moving a few airholes away from the cavity center while the waveguide is a W1-defect type, albeit with the innermost array of holes being shifted toward the waveguide center [4] . When the discrete mode of the nanocavity and the continuum modes of the PhC waveguide spectrally overlap, interference occurs, leading to characteristic Fano resonance lineshapes [2, 12] . Importantly, the amplitude of the continuum contribution can be controlled by placing a partially-transmitting element (PTE) in the waveguide [4] , which is implemented by having an additional airhole (r = 123 nm) in the waveguide below the nanocavity, Fig. 1(b) . This gives rise to a characteristic asymmetric Fano lineshape, see Fig. 1 (c). Light is coupled into and out of the device using grating couplers [13] .
The dashed line in Fig. 1(c) illustrates the resonance shift due to nonlinear effects in the case of a reduction of the nanocavity refractive index by ∆n e f f /n e f f ∼ 10 −3 , where n e f f is the effective refractive index of the nanocavity. Because of the strongly localized nature of the nanocavity mode and due to its high quality (Q) factor (∼ 1700) and small mode volume, free carriers are efficiently generated in the nanocavity region via two-photon absorption of the input signal [14, 15] . The change in carrier density in the nanocavity induces a refractive index change and hence resonance shift [16] . Since a large transmission difference between the maximum and minimum points of the Fano resonance is achieved despite a small spectral separation, a slight shift in the resonance spectrum leads to large transmission change. The basic principle of self-carving using an asymmetric Fano resonance is illustrated in Fig. 2 using coupled-mode theory (CMT) simulations [17, 18] . For these simulations, most of the material parameters were taken from Ref. [16] . The intrinsic Q-factor of the nanocavity calculated using FDTD and the total Q-factor estimated from theoretical fits are 1.2 × 10 5 and 1700, respectively. In addition, the amplitude transmission coefficient of the PTE is ∼ 0.55 estimated from fit to the measured resonance transmission. The transmission spectrum of the device shows a Fano resonance (black in Fig. 2 (a)), with a transmission peak at 1556 nm. The input signal is a 93 ps long super Gaussian pulse of order 2 and with a peak power of 9 mW. Its temporal pulse shape is shown as the blue curve in Fig. 2(b) and the corresponding spectrum is shown as the red curve in Fig. 2(a) , which is centered around the peak of the resonance. The contour plot in Fig. 2(c) depicts the time-evolution of the linear transmission spectrum of the PhC system due to the presence of the input pulse. At 0 ps, the input power of the pulse is zero and the contour plot exhibits the initial transmission spectrum of the system. As the amplitude of the input pulse starts to increase, the output pulse amplitude increases until 255 ps, cf. Fig. 2(d) , after which the intra-cavity field, reflecting the power coupled from the leading pulse edge, becomes high enough that a large number of free carriers is generated due to two-photon absorption. This changes the refractive index of the nanocavity and hence shifts the resonance towards shorter wavelength. The resonance shift as a function of time shown in Fig. 2(d) (black dashed curve) displays a maximum blue shift of ∼ 1 nm corresponding to the spectral separation between the transmission maximum and minimum of the Fano resonance ( Fig. 1(c) ). Therefore, the input pulse, which is centered at the peak of the resonance, encounters a large transmission suppression and the output pulse amplitude reaches its minimum. Because of this, a short pulse of ∼ 20 ps (shown in Fig. 2(d) by blue solid line) is carved-out of the 93 ps input pulse. For comparison, we also simulated pulse carving using a structure based on Lorentzian resonance with the same Q-factor (red dashed line in Fig. 2(d) ), however it displays only partial pulse carving under the same conditions. In contrast, the asymmetric Fano resonance shows complete pulse carving due to the steep slope between the transmission extrema. The spectrum of the pulse carved using the Fano resonance, obtained by taking the Fourier transform of the output temporal pulse, is depicted in Fig. 2(e) , showing some spectral broadening. Fig. 3 presents experimental and theoretical results for the output pulse at different power levels of the input pulse. In addition to the pulse shape, the input power level is important since it determines the magnitude of the resonance shift and hence the output pulse width and shape. The input (dashed line) is a 93 ps long Gaussian pulse and corresponding calculated output pulses (solid lines) are shown in Fig. 3(a) for power levels increasing from -8 dBm to 2 dBm. For clarity, the output power is normalized to unity at the peak. It is seen that at 0 dBm, a short pulse is generated with its center positioned at the leading edge of the input pulse. Fig. 3(b) shows the calculated output-toinput pulse peak power ratio for increasing average input power. This ratio decreases for increasing average input power because of the resonance shift induced at the leading edge of the input pulse, which results in suppressed transmission for a major part of the input pulse. Additionally, Fig. 3(b) shows the resonance shift for increasing average input power level. This is useful in order to calculate the required input power to shift from the transmission maximum of the Fano resonance to the minimum. Output pulses from the Fano carver measured using a sampling oscilloscope are shown in Fig. 3(c) . The input pulse train, with 1 GHz repetition rate, is centered at the peak of the Fano resonance ( Fig. 1(b) ). The output pulse at an average input power of -14 dBm is shown in Fig. 3(c-i) . This pulse has a width close to the input pulse as the input power is low and cannot induce a shift of the resonance. For input power levels of -8.2 dBm and -6.0 dBm, partial pulse carving is observed (ii and iii). In these cases, the resonance shift is not large enough to bring the minimum of the Fano resonance to the spectral position of the input signal. However, by gradually increasing the average input power of the pulse, it is possible to carve-out a pulse with width of ∼ 20 ps as shown in Fig. 3(c-iv) for an input power of -1.3 dBm. Furthermore, Fig. 3(a) predicts that for an input power of 2 dBm, a side peak appears. This is the result of a large resonance shift, where the minimum of the Fano resonance passes beyond the wavelength at which the input spectrum is centered and leading to increased transmission for latter portion of the input pulse. Fig. 3 (c-v) shows the experimental observation of this side peak for input power of 0.4 dBm.
Further theoretical and experimental characteristics of selfcarved pulses are presented in Fig. 4 . Sampling oscilloscope traces of 500 ps input pulses (top) and self-carved pulses (bottom) both at 400 MHz repetition rate are shown in Fig. 4(a) . When the input power is around 0 dBm, a resonance shift to the minimum of the Fano resonance is possible and hence a short pulse of ∼ 30 ps is carved-out of the input pulse. The inset shows a zoomed-in trace of the output pulse. Measured optical spectra of the input and output pulses are presented in Fig. 4(b) . The full width at half maximum (FWHM) of the pulses is ∼ 0.028 nm, corresponding to a bandwidth of ∼ 3.48 GHz at the central wavelength of 1553.86 nm. Note that the measurements are not limited by the resolution of the optical spectrum analyzer (Ando AQ6317B) which is 0.01 nm. The time-bandwidth product (TBP) of the carved pulse is 3.48 GHz × 30 ps = 0.104. In comparison, a Gaussian chirp-free pulse has a FWHM TBP of ∼ 0.44 [19] . To validate the small TBP of the carved pulse, we performed theoretical investigations using CMT. Fig. 4(c) shows a 500 ps long super Gaussian flattop input pulse of order 6 and the corresponding self-carved temporal pulse. A super Gaussian pulse is chosen for better agreement with the experiment. The temporal profile of the self-carved pulse shows generation of a short pulse located at the edge of the input pulse. It can also be observed that the carved pulse has a pulse tail which is not completely suppressed. The power spectrum of these pulses is presented in Fig. 4(d) . Asymmetric spectral broadening is observed for the self-carved pulse similar to the measured spectrum shown in Fig. 4(b) . This is because of the mechanism of pulse carving which suppresses the trailing edges of the temporal pulse with less influence on the leading edge. Moreover, the theoretical FWHM for both the input and self-carved output is found to be ∼ 0.012 nm and the corresponding TBPs are ∼ 0.836 and ∼ 0.046 for the input and output pulses, respectively. The small TBP of the output pulse is enabled by the presence of a significant temporal pulse tail which keeps the FWHM spectral bandwidth to remain close to that of input pulse. Further optimization of the slope and transmission contrast of the Fano resonance should be done for complete suppression of pulse tails in which case considerable spectral broadening is expected for the carved pulse.
One possible application of such self-carving is for reducing the time slot or duty cycle of return-to-zero on-off keying (RZ-OOK) modulated signals. Fig. 5(a) shows the eye diagram of a 2 Gbit/s input signal. It is modulated by a pseudo-random bit sequence of length of 2 15 − 1. It shows that a single channel occupies a time slot of ∼ 150 ps and has a pulse width around 100 ps. With the implementation of the Fano resonance based self-carver, it is possible to reduce the time slot to ∼ 60 ps and the width to ∼ 30 ps ( Fig. 5(b) ). Bit-error-ratio (BER) performance measurements for the reference input and carved output signals as function of received power are shown in Fig. 5(c) . With an energy consumption down to 1.175 pJ/bit, the carved signal clearly shows error-free performance with a power penalty of ∼ 2 dB at the BER of 10 −9 compared to a 2 Gbit/s input signal measured back-to-back (B2B). The power penalty reflects the additional power required to compensate for the peak power reduction of the carved pulse (cf. Fig. 3(b) ). These experiments demonstrate that the simple scheme of our Fano structure can be implemented in optical time domain multiplexing systems for achieving high speed on-chip data transmission. Fig. 6(a) shows that for input pulses with similar rise time (∼ 35 ps) but different widths, the output carved pulses have very similar widths of ∼ 20.8 ps. This is because once carrier saturation is achieved in the nanocavity, the resonance will stay at the blue shifted spectral location for the duration of the input pulse, which enables the Fano resonance to carve away the remainder part of the pulse regardless of its width. On the other hand, for input pulses having spectral width larger than the spectral separation of the extrema of the Fano resonance (∼ 1 nm), pulse carving is not effective, as depicted in Fig. 6(b) illustrating the presence of a significant pulse tail corresponding to photons decaying from the cavity hence broadening the output. Therefore, for a Fano resonance with 1 nm separation between the resonance extrema, the shortest input pulse that can be carved is ∼ 5 ps.
In conclusion, we proposed and demonstrated a compact and simple device that carves a short pulse out of a long input pulse, without requiring any external modulation. The device relies on the presence of a sharp asymmetric Fano resonance, realized in an InP PhC membrane structure, in combination with a nanocavity-enhanced nonlinear optical effect that shifts the Fano resonance to modulate the input pulse itself. Currently, these self-carving experiments are limited to pulse repetition rates less than 5 GHz. This limitation is mainly due to the requirement that a complete recovery of the resonance shift should occur before the next pulse arrives at the nanocavity. For our InP based PhC nanocavities, this recovery time scale is mainly governed by diffusion of charge carriers and carrier recombination rate [16] . Therefore, to increase the speed, one needs to find ways to increase the rate at which carriers recombine or leave the nanocavity region. We believe that with implementation of carrier sweep out mechanisms such as by applying a reverse bias voltage across the nanocavity region, higher repetition rates would be possible by shifting from a diffusion-limited regime to a carrier drift limited regime.
